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Abstract

Dynamicmemorymanagementin C++ is oneof themostcommonareasof dif�culty and
errorsfor amateurandexpertC++ developersalike. Theimproperuseof operatornew andop-
eratordelete is arguablythemostcommoncauseof incorrectprogrambehavior andsegmen-
tation faultsin C++ programs.Herewe introducea templatedconcreteC++ classTeuchos-
::RCP , which is part of the Trilinos tools packageTeuchos , that combinesthe conceptsof
smartpointersandreferencecountingto build a low-overheadbut effectivetool for simplifying
dynamicmemorymanagementin C++. We discusswhy the useof raw pointersfor mem-
ory management,managedthroughexplicit calls to operatornew andoperatordelete , is so
dif�cult to accomplishwithout makingmistakesandhow programsthat useraw pointersfor
memorymanagementcaneasilybemodi�ed to useRCP. In addition,explicit calls to operator
delete is fragile andresultsin memoryleaksin the presentsof C++ exceptions.In its most
basicusage,RCPautomaticallydetermineswhenoperatordelete shouldbe calledto free an
objectallocatedwith operatornew andis not fragile in the presentsof exceptions.The class
alsosupportsmoresophisticatedusecasesaswell. Thisdocumentdescribesjust themostbasic
usageof RCPto allow developersto getstartedusingit right away. However, moredetailedin-
formationon thedesignandadvancedfeaturesof RCPis providedby thecompaniondocument
“Teuchos::RCP: TheTrilinos SmartReference-CountedPointerClassfor (Almost)Automatic
DynamicMemoryManagementin C++”.

� Sandiais a multiprogramlaboratoryoperatedby SandiaCorporation,a Lockheed-MartinCompany, for theUnited
StatesDepartmentof Energy underContractDE-AC04-94AL85000.
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1 Intr oduction

The main purposeof this documentis to provide a quick-startguide on how to incorporatethe
reference-countingsmartpointerclassTeuchos::RCP intoC++programsthatusedynamicmemory
allocationandobjectorientation.This codeis includedin theTrilinos [3] toolspackageTeuchos .
Thedesignof Teuchos::RCP is basedpartly on the interfacefor std::auto ptr<> andItems28
and 29 in ”More Effective C++” [5]. In short, RCP allows one client to dynamicallycreatean
object(usingoperatornew for instance),passtheobjectaroundto otherclientsthatneedto access
theobjectandnever requireany client to explicitly call operatordelete . Theobjectwill (almost
magically)be deletedwhenall of the clients remove their referencesto the object. In principle,
this is very similar to the typeof garbagecollectionthat is in languageslike PerlandJava. There
aresomepathologicalcases(suchas the classicproblemof circular references,see[5, Item 29,
page212]) whereRCPwill result in a memoryleak, but thesesituationscanbe avoided through
the carefuluseof RCP. However, realizingthe potentialof hands-off garbagecollectionwith RCP
requiresfollowing somerules. Theserulesarepartially spelledout in theform of commandments
in AppendixC.

Note that direct calls to operatordelete arediscouragedin modernC++ programsthat are
designedto be robust in the presenceof C++ exceptionhanding. This is becausethe raw useof
operatordelete often resultsin memoryleakswhenexceptionsarethrown. For example,in the
codefragment:

void someFunction()
{

A *a = new A;
a->f();
delete a;

}

if an exceptionis thrown in the function call a->f() thenthe statementdelete a will never be
executedandamemoryleakwill have beencreated.Theclassstd::auto ptr<> wasaddedto the
standardC++ library (see[5, Items9 and10]) to protectagainstthesetypesof memoryleaks.For
example,therewritten function:

void someFunction()
{

std::auto_ptr<A> a(new A);
a->f();

}

is robust in theeventof exceptionsandno memoryleakwill occur. However, std::auto ptr<>
cannot beusedto sharea resourcebetweentwo or moreclientsandthereforeis not ananswerto
theissueof generalgarbagecollection.TheclassRCPnot only is robust in theeventof exceptions
but alsoimplementsreferencecountingandis thereforemoregeneral(but admittedlymorecomplex
andexpensive) thanstd::auto ptr<> .

The useof RCPis critically importantin the developmentandmaintenanceof large complex
object-orientedprogramscomposedof many separately-developedpieces(suchasTrilinos). This
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discussionassumesthat thereaderhasa basicfamiliarity andsomeprogrammingexperiencewith
C++ and hasat leastbeenexposedto the basicconceptsof object-orientedprogramming(good
sourcesinclude[2] and[6]). Furthermore,the readershouldbe comfortablewith the useof C++
pointersandreferences.

Theappendicescontainbasicreferencematerialfor RCP. In many respects,theappendicesare
themostimportantcontribution of this document.For thosereadersthatlike to seetheC++ decla-
rationsright away, AppendixA containstheC++ declarationsfor thetemplateclassRCPandsome
importantassociatednon-membertemplatedfunctions. AppendixB is a shortreference-card-like
quick-startfor the useof RCP. The quick-startin this appendixshows how to createRCPobjects
from raw C++ pointers,how to representdifferent forms on constantness,castfrom onepointer
typeto another, accesstheunderlyingreference-countedobjectaswell asto associateandmanage
extra data.AppendixC givessomecommandmentsfor theuseof RCPandreinforcesthematerial
in AppendixB. AppendixD givestablesof recommendedidiomsfor how to passraw C++ objects
andRCP-wrappedobjectsto andfrom functions.AppendixE givesa listing for anexampleprogram
thatusesraw pointervariablesanddirectcallsto operatornew andoperatordelete while Appendix
F shows a refactoringof thisexampleprogramto useRCP.

Note! Anxiousreadersareencouragedto jump directly to AppendixE andF to getan ideaof
whatRCPis all about.This example,togetherwith thereferencematerialin theappendices,should
beenoughfor semi-experiencedC++ developersto startusingRCPright away.

For lessanxiousreaders,in thefollowing section,wedescribewhy theuseof raw C++ pointers
andraw calls to operatornew andespeciallyoperatordelete is dif�cult to programcorrectly in
even moderatelycomplex C++ programs. We then discussthe different ways C++ pointersare
usedin suchprogramsand describehow to refactor theseprogramsto replacesomeof the raw
C++ pointersandraw callsto operatordelete with RCP. In thefollowing discussionwewill de�ne
persistingandnon-persistingassociationsandwill make a distinctionbetweenthem(seepage11).
RCPis recommendedfor useonly with persistingassociations.Theconsistentuseof RCPextendsthe
vocabulary of C++ in helpingto distinguishbetweenthesetwo typesof relationships.In addition,
RCPis designedfor thememorymanagementof individual objects,not raw C++ arraysof objects.
Array allocationanddeallocationshouldbeperformedusingstandardC++ containerssuchasstd-
::vector<> , std::valarray<> or someothersuchconvenientC++arrayclassbut thebestchoice
is typically a debug range-checked classlike Teuchos::Array . However, it is quite commonto
dynamicallyallocatearraysof RCPobjectsanduseRCPto managethe lifetime of sucharrayclass
objects.
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2 An exampleC++ program

The useof object-oriented(OO) programingin C++ is the major motivation for the development
of RCP. OO programsarecharacterizedby theuseof abstractclasses(i.e. interfaces)andconcrete
subclasses(i.e. implementations).In OOprogramsit is commonthattheselectionof whichconcrete
subclass(es)to useis notknown until runtime.The“AbstractFactory”[2] is apopulardesignpattern
thatallows the�e xible runtimeselectionof whatconcretesubclassesto create.

Below wedescribea �ctitious programthatdemonstratessomeof thetypical featuresof anOO
programthatusesdynamicmemorymanagementin C++. In thissimpleprogram,handlingmemory
managementusingraw C++ pointersandcalls to operatornew andoperatordelete will appear
fairly easybut largermorerealisticOOprogramsaremuchmorecomplicatedandit is de�nitely not
easyto domemorymanagementwithout somehelp.

2.1 ExampleC++ program using raw dynamic memory management

Oneof thepredominatefeaturesof this exampleprogramis theuseof thefollowing abstractinter-
facebaseclassUtilityBase thatde�nesaninterfaceto provide someusefulcapability.

class UtilityBase {
public:

virtual void f() const = 0;
};

In ourexampleprogram,UtilityBase will have two subclasseswhereoneor theotherwill be
usedat runtime.

class UtilityA : public UtilityBase {
public:

void f() const { std::cout<<"\nUtili tyA ::f () called, this="<<this<<"\n" ; }
};

class UtilityB : public UtilityBase {
public:

void f() const { std::cout<<"\nUtili tyB ::f () called, this="<<this<<"\n" ; }
};

In this exampleprogramtheabove implementationfunctionsjustprint to standardout.

Someof theclientsin this programhave to createUtilityBase objectswithout knowing ex-
actlywhatconcretesubclassesarebeingused.Thisis accomplishedthroughtheuseof the“Abstract
Factory”designpattern[2]. For UtilityBase , theabstractfactorylookslike

class UtilityBaseFactory {
public:

virtual UtilityBase* createUtility() const = 0;
};
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andhasthefollowing factorysubclassesfor creatingUtilityA andUtilityB objects.

class UtilityAFactory : public UtilityBaseFactory {
public:

UtilityBase* createUtility() const { return new UtilityA(); }
};

class UtilityBFactory : public UtilityBaseFactory {
public:

UtilityBase* createUtility() const { return new UtilityB(); }
};

Now let's assumethatourexampleprogramhasthefollowing clientclasses.

// Simple client with no state
class ClientA {
public:

void f( const UtilityBase &utility ) const { utility.f(); }
};

// Client that maintains a pointer to a Utility object
class ClientB {

UtilityBase *utility_;
public:

ClientB() : utility_(0) {}
˜ClientB() { delete utility_; }
void initialize( UtilityBase *utility ) { utility_ = utility; }
void g( const ClientA &a ) { a.f(*utility_); }

};

// Client that maintains pointers to UtilityFactory and Utility objects
class ClientC {

const UtilityBaseFactory *utilityFactory_;
UtilityBase *utility_;
bool shareUtility_;

public:
ClientC( const UtilityBaseFactory *utilityFactory, bool shareUtility )

:utilityFactory_(ut ili tyF act ory ),
utility_(utilityFac tor y-> cre ate Uti lit y() )
,shareUtility_(shar eUt ili ty) {}

˜ClientC() { delete utilityFactory_; delete utility_; }
void h( ClientB *b ) {

if( shareUtility_ ) b->initialize(utilit y_) ;
else b->initialize(utili tyF act ory _-> cre ate Uti lit y() );

}
};

Thetypeof logic usedin ClientC for determiningwhennew objectsshouldbecreatedor when
objectsshouldbereusedandpassedaroundis commonin largermorecomplicatedOOprograms.

Theabove client classesdemonstratetwo differenttypesof associationsbetweenobjects:non-
persistingandpersisting.
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Non-Persistingassociationsexist only within a singlefunctioncall anddo not extendafter the
function has�nished executing. For example,objectsof type ClientA and UtilityBase have
anon-persistingrelationshipthroughthefunctionClientA::f(const UtilityBase &utility) .
Likewise,objectsof typeClientB andClientA haveanon-persistingassociationthroughthefunc-
tion ClientB::g( const ClientA &a ) .

Persistingassociationsarewherea relationshipbetweentwo objectsexistspasta singlefunc-
tion call. Themosttypicalkind of persistingassociationin anOOC++programis whereoneobject
maintainsa privatepointerdatamemberto anotherobject. For example,persistingassociations
exist betweena ClientC object,a UtilityBaseFactory anda UtilityBase objectthroughthe
theprivateC++ pointerdatamembersClientC::utilityFac tor y andClientC::utility re-
spectively. Likewise,a persistingassociationexistsbetweena ClientB objectanda UtilityBase
objectthroughtheprivatepointerdatamemberClientB::utility .

Persistingrelationshipsaresigni�cantly morecomplex thannon-persistingrelationshipssince
a persistingrelationshipusuallyimplies that someobjectsmustbe responsiblefor the lifetime of
otherobjects.This is never thecasein anon-persistingrelationshipasde�ned above.

AppendixE shows anexampleprogramthatusesall of theC++ classesdescribedabove. The
programin AppendixE hasseveral memorymanagementproblems.An astutereaderwill notice
that the UtilityBaseFactory createdin main() getsdeletedtwice; oncein the destructorfor
the ClientC objectc andagainat theendof main() in anexplicit call to operatordelete . This
problemcould be �x ed in this programby arbitrating“ownership”of the UtilityBaseFactor y
objectto eithermain() or theClientC object,but notbothwhich is thecasein AppendixE.

A more dif�cult memorymanagementproblemto catchand �x occursin the ClientB and
ClientC objectsregradinga sharedUtilityBase object. WhenshareUtility is set to false
(by theuserin thecommandlinearguments)theobjectsb1, b2 andc eachown a pointerto differ-
entUtilityBase objectsandthesoftwarewill correctlydeleteeachdynamicallyallocatedobject
using one and only one call to operatordelete (in the destructorsof theseclasses).However,
whenshareUtility is to setto true the objectsb1, b2 andc will containpointersto the same
UtilityBase objectandoperatordelete will becalledon thissharedUtilityBase objectmulti-
ple timeswhenb1, b2 andc aredestroyed. In this case,it is not soeasyto arbitrateownershipof
thesharedUtilityBase objectto theClientB or theClientC objects.Logic couldbedeveloped
in thissimpleprogramto insurethatownershipwasassignedproperlybut suchlogic wouldenlarge
the program,complicatemaintenance,andwould ultimately make the softwarecomponentsless
reusable.In morecomplex programs,trying to dynamicallyarbitrateownershipat run time is much
moredif�cult anderrorproneif donemanually.

2.2 Refactored exampleC++ program usingTeuchos::RCP

Now we describehow RCPcanbeusedto greatlysimplify dynamicmemorymanagementin these
typesof OOprograms.AppendixF shows therefactoringof theprogramin AppendixE to useRCP
for all persistingrelationships.In general,refactoringsoftwarethatusesraw C++ pointersto use
RCPis assimpleasreplacingthetypeT* with RCP<T>, whereT is nearlyany classor built-in data
type.

The �rst persistingrelationshipfor which RCPis usedis therelationshipbetweena Utility-
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BaseFactory objectanda client thatusesit. Therefactoringchangesthereturntypeof Utility-
BaseFactory::creat eUt ili ty( ) from a raw UtilityBase* pointer to a RCP<UtilityBase>
object.Thenew “AbstractFactory”classdeclarations(assumingthatthesymbolsfrom theTeuchos
namespacearein scopesothatexplicit Teuchos:: quali�cation is notnecessary)become

class UtilityBaseFactory {
public:

virtual RCP<UtilityBase> createUtility() const = 0;
};

class UtilityAFactory : public UtilityBaseFactory {
public:

RCP<UtilityBase> createUtility() const { return rcp(new UtilityA()); }
};

class UtilityBFactory : public UtilityBaseFactory {
public:

RCP<UtilityBase> createUtility() const { return rcp(new UtilityB()); }
};

In additionto thechangeof thereturntype, therefactoringalsorequiresthatcalls to operator
new bewrappedin callsto thetemplatedfunctionTeuchos::rcp(...) .

Therefactoringshown in AppendixF doesnot impactthede�nition of theclassClientA since
thisclassdoesnothaveany persistingrelationshipswith any otherobjects.However, thede�nitions
of theclassesClientB andClientC do changeandbecome

class ClientB {
RCP<UtilityBase> utility_;

public:
void initialize(const RCP<UtilityBase> &utility) { utility_=utility; }
void g( const ClientA &a ) { a.f(*utility_); }

};

class ClientC {
RCP<UtilityBaseFac tor y> utilityFactory_;
RCP<UtilityBase> utility_;
bool shareUtility_;

public:
ClientC( const RCP<UtilityBaseFac tor y> &utilityFactory, bool shareUtility )

:utilityFactory_(ut ili tyF act ory ),
utility_(utilityFac tor y-> cre ate Uti lit y() )
,shareUtility_(shar eUt ili ty) {}

void h( const Ptr<ClientB> &b ) {
if( shareUtility_ ) b->initialize(utilit y_) ;
else b->initialize(utilit yFacto ry_ ->c rea teU til ity ()) ;

}
};

The�rst thing thatoneshouldnoticeabouttherefactoredClientB andClientC classesis that
theirdestructorsaregone.It turnsout thatthecompiler-generateddestructorsdoexactly thecorrect
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thing (i.e. call thedestructoron theRCPdatamemberswhich in turnscallsoperatordelete on the
underlyingreference-countedobjectwhenthereferencecountgoesto zero).Thesecondthing that
oneshouldnoticeis thattheold defaultconstructorClientB::ClientB() whichinitializedtheraw
C++pointerutility to null is no longerneededsinceRCPhasadefault constructorthatdoesthat.
A third thing to noticeabouttheserefactoredclient classesis that the RCPobjectsarepassedby
const reference(seeAppendixD) andnotby valueasthecorrespondingraw pointerswherein the
original unfactoredclasses.PassingRCPobjectsby const referenceyieldsslightly moreef�cient
codeandsimpli�es steppingthroughthecodein adebugger. For example,a functiondeclaredas

void someFunction( RCP<A> a );

will always result in the copy constructorfor RCPbeing called (and thereforesteppedinto in a
debugger)while thissamefunctiondeclaredas:

void someFunction( const RCP<A> &a );

will oftennot requirethecopy constructorbecalled(exceptin caseswhereanimplicit conversion
is beingperformedasdescribedin AppendixB) andtherebyeasingdebugging.

Lastly, above, theclassPtr is aTeuchosnon-reference-counted smartpointerclassdesignedto
avoid raw pointers.It is usedfor non-persistingassociationswherea raw pointerwould otherwise
be used. Ptr initializes to NULL and in debug modeit will throw exceptionexceptionswhen
dereferencingNULL. Ptr playsasmallrole in theoverall strategy to avoid all raw C++ pointersat
theapplicationprogramminglevel.

As anaside,notethatAppendixD givesrecommendedidiomsfor how to passraw C++ objects
andRCP-wrappedobjectsto andfrom functionsin awaythatresultin functionprototypesbecoming
asself documentingaspossible,help to avoid codingerrorsandincreasethe readabilityof C++
code. Also, in additionto the bene�t that RCPeasesdynamicmemorymanagement,the selective
useof RCPandraw C++ objectreferencesextendsthevocabulary of theC++ languageby helping
to distinguishbetweenpersistingandnon-persistingassociations.For example,whena oneseesa
functionprototypewhereanobjectis passedthrougha RCPsuchas

class SomeClass {
public:

void someFunction( const RCP<A> &a );
}

onecanautomaticallydeducethat “memory” of the A objectwill be retained(througha private
RCP<A>datamemberin SomeClass nodoubt)andthatshouldautomaticallyalterhow thedeveloper
planson calling thatfunctionandpassingtheA object.TherefactoredC++ programin AppendixF
providesanexampleof how theidiomspresentedin AppendixD areput to use.
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3 Additional and advancedfeaturesof RCP

Theusecasesfor RCPdescribedabove comprisea largemajority of therelaventusecasesin most
programs,but theretherearesomeotherusecasesthat requireadditionalandmoreadvancedfea-
tures.Someof theseadditionalfeatures(theC++ declarationsfor whichareshown in AppendixA)
arementionedbelow:

1. Casting

RCPobjectscan be castedin a mannersimilar to castingraw C++ pointersand the same
typesof conversionrulesapply. Analogsof thebuilt-in castsstatic cast<> , const cast<>
anddynamic cast<> aresupportedby thenon-membertemplatedfunctionsrcp static -
cast<> , rcp const cast<> and rcp dynamic cast<> respectively. SeeAppendix B for
examplesof how they areused.

2. Reference-countinformation

The function RCP::count() returnsthenumberof RCPobjectsthatpoint to theunderlying
reference-countedobject.This informationcanbeusefulin somecases.

3. Customizeddeallocationpolicies

Thedefault behavior of RCPis to call operatordelete on reference-countedobjectsoncethe
referencecountgoesto zero. While this is the mostcommonlyneededbehavior, thereare
usecaseswheremorespecializeddellocationpolicesarerequired.For thesecases,thereis
an overloadedform of the templatedfunction Teuchos::rcp(...) that takesa templated
deallocationpolicy object that de�nes how a reference-countedobject is deallocatedwhen
required.

4. Associatingextra data with a reference-countedobject

Therearesomemoredif�cult usecaseswherecertaintypesof informationor otherobjects
mustbebundledwith a reference-countedobjectandmustnotbedeleteduntil thereference-
countedobject is deleted. The non-membertemplatedfunctionsset extra data<>(...)
andget extra data<>(...) serve this purpose(seeitem (6) in AppendixB). Note that
theextra datamechanismrelieson anstd::map andstringcomparisonsetc. andcanimpart
someunacceptablyhigh overheadin someusecases.

5. Embeddedingan object on creation of an RCP object

Similar to the useof extra data,the RCP classalso supportsthe conceptof an embedded
object. The functionsrcpWithEmbeddedObj [Pr eDest roy ,Po stD es tro y]( ... ) (see7 in
AppendixB) canbe usedcreatean RCPobjectandembeddany othervalue-typeobject in
the createdRCPNode. This usesa customizeddeallocatorclassand impartslessoverhead
thanthe extra datafeatureat the costof being less�e xible (i.e. you cancanonly embedd
a singlevalueobjectand it mustbe doneright when the �rst RCPobject is created). The
advantageof thisapproachis thataccessof theembeddedobjectusingtheget[Nonconst]-
EmbeddedObj(...) is fasterthanwhenusingextra databut requiresthatyou provide more
information.

6. Checking for memory leaksfrom circular references
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In adebugbuild, theusercanenablecheckingfor memoryleakscausedby circularreferences
amongRCPobjects.If cicular referencesdo exist, thenRCPNodeobjectsthatwherecreated
but not removed aredisplaedat the endof a program. Seethe �le Teuchos RCP.cpp for
details.

7. Addr essingcircular referenceswith weakRCP objects

Thedefault modefor RCPis asa “strong” pointer. Thatmeansthattheunderlyingreference-
countedobject is only deletedafter all of the “strong” RCPs to the objectareremoved. Of
coursewhenyou have a circular referenceusing“strong” RCPs, thenthatwill never happen
andamemoryleakwill becreatedfor all of theobjectsinvolvedin thecycle.

To helpaddressthis problem,anRCPobjectcanbetaggedasa “weak” pointer. Whenall of
the“strong” RCPobjectsgoesaway, theunderlyingreference-countedobjectis destroyedbut
theRCPNodeobjectis not if thereareany lingering(i.e. dangling)“weak” RCPobjects.In a
debug build of thecode,all of thedangling“weak” RCPobjectswill thrown exceptionswhen
clientstry to dereferencetheobjectthroughthe“weak” pointer. This functionalityprovides
the foundationfor a numberof very advancedfeatures.This capability impartsvery little
O(1) extraoverhead.

The ability to tag RCPobjectsas“weak” canbe usedto help addresscirculardependencies
in general,clean,and safeway. In a debug build of the code, if any mistakes are made
thenexceptionswill be thrown with anexcellenterrormessagesto helpdebug theproblem.
Without full blown garbagecollection,this is aboutthebestthatwecando in C++.
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4 Debugging C++ code

Oneissuethatcommonlycomesupfor beginningC++programmersis how to debugprogramsthat
useRCPwhenthey arejust usedto usingraw C++ pointers.I amnot going to cover thebasicson
how to usedebuggerslike GDB to debug C++ programsbut I will give a few tips thatshouldhelp
beginningC++ programingsgetstarted.

This �rst problemthat begining C++ programmershave is in trying to accessthe underlying
raw C++ pointerin thedebugger. For example,considerthefunction:

void someFunc( const RCP<const A> &a )
{

a->f();
}

Whendebuggingtheabove function in a debuggersuchasGDB, how canyou accesstheun-
derlyingraw objectof typeA insideof theRCP<A>objecta? Well, in GDB for instance,if you put
a breakpointon the line a->f() , you canprint the addressof the underlyingobjectof type A by
typing:

print a.ptr_

Youcanprint thewholeobjectwith:

print *a.ptr_

andsoon. In general,if youhadcodewith araw pointernamedsomePtr thatwasconvertedover to
useRCP, you simply accesstheunderlyingraw C++ pointerusingsomePtr.ptr in thedebugger.
Thatis all thereis to it. Seetheinternalprivatereprsentationof RCPshown in AppendixA for more
details.

Oneothernoteon debuggingprogramsthat useRCPthat is worth mentioningis how to step
throughfunctionsthattakeRCPasformalarguments.ConsiderthesimplefunctionsomeFunc(const
RCP<const A>&) shown above. Whenthis functionis calledby thefollowing function:

void someFunc2( const RCP<const A> &a )
{

someFunc(a);
}

youcanstepfrom thecall someFunc(a) directlyinto someFunc(...) becausetheformalargument
a of typeconst RCP<const A>& is adirectmatch.

However, if any implicit (or explicit) conversionof RCPobjectsis requiredto completethe
functioncall, youwill endupsteppinginto thecopy constructorfor RCPfor eachargumentrequiring
aconversion.For example,thefollowing functionsrequirethecopy constructorfor RCPto becalled
in orderto call andthereforestepinto thefunctionsomeFunc(...) :
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void someFunc3( const RCP<A> &a )
{

someFunc(a); // Convert from RCP<A> to RCP<const A>
}

void someFunc4( const RCP<const B> &b )
{

someFunc(b); // Convert from RCP<const B> to RCP<const A>
}

To avoid having to stepinto thecopy constructorfor RCPin thesecases,youcanjustdirectlyset
a breakpointin thefunctionsomeFunc(...) . In GDB you cando this by settingthebreakpointby
typing:

break 'someFunc(

followedby typing[Tab] (whichwill expandthefull functionprototype)andthentyping[Enter] .
With this breakpointset, you can just type continue in GDB and you will enter the function
someFunc(...) withouthaving to stepthroughthecopy constructorsfor RCP.

Debuggingstrategiesin otherdebuggersis similarbut youshouldgettheidea.
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5 Summary

ThetemplatedC++ classRCPprovidesa low-overheadoptionfor (almost)automaticmemoryman-
agementin C++. This classhasbeendevelopedand re�ned over many yearsand hasbeenin-
strumentalin improving the quality of softwareprojectsthat useit consistently(for examplesee
MOOCHO [1]). Carefuluseof RCPeliminatesthe needto manuallycall operatordelete when
dynamicallyallocatedobjectsareno longerneeded.Furthermore,it helpsto reducetheamountof
codethatdevelopershaveto write. For example,mostclassesthatuseRCPfor dynamicallyallocated
memorydo not needdeveloper-supplieddestructors.This becausethecompiler-generateddestruc-
torsdotheexactlycorrectthingwhichis to call destructorsonanobject's constituentdatamembers.
This wasdemonstratedin thedifferencebetweentheoriginal andrefactoredclassesClientB and
ClientC describedin Sections2.1and2.2.

The classRCPalsohasadvancedfeaturesnot found in many othersmart-pointerimplementa-
tions suchasthe ability to attachextra data,the customizationof the deallocationpolicy, cicular
referenceidenti�cation anddebugging,and“weak” pointersto helpresolve circularreferences.
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A C++ declarationsfor RCP

namespace Teuchos {

enum ENull { null };

enum EPrePostDestruction { PRE_DESTROY,POST_DESTROY};

template<class T>
class RCP {
public:

typedef T element_type;
RCP( ENull null_arg = null );
explicit RCP( T* p, bool has_ownership = false );
template<class Dealloc_T>
RCP( T* p, Dealloc_T dealloc, bool has_ownership );
RCP(const RCP<T>& r_ptr);
template<class T2> RCP(const RCP<T2>& r_ptr);
ÄRCP();
RCP<T>& operator=(const RCP<T>& r_ptr);
bool is_null() const;
T* operator->() const;
T& operator*() const;
T* get() const;
T* getRawPtr() const;
Ptr<T> ptr() const;
ERCPStrength strength() const;
bool is_valid_ptr() const;
int strong_count() const;
int weak_count() const;
int total_count() const;
void set_has_ownership();
bool has_ownership() const;
Ptr<T> release();
RCP<T> create_weak() const;
template<class T2>
bool shares_resource(const RCP<T2>& r_ptr) const;
const RCP<T>& assert_not_null() const;
const RCP<T>& assert_valid_ptr() const;

private:
T *ptr_;
RCPNode node_;
...

};

template<class T> RCP<T> rcp( T* p, bool owns_mem = true );

template<class T, class Dealloc_T> RCP<T> rcp( T* p, Dealloc_T dealloc,
bool owns_mem );

template<class T> Teuchos::RCP<T> rcpFromRef( T& r );

template<class T, class Embedded>
RCP<T> rcpWithEmbeddedObjPreDestroy( T* p, const Embedded &embedded,

bool owns_mem = true );

template<class T, class Embedded>
RCP<T> rcpWithEmbeddedObjPostDestroy( T* p, const Embedded &embedded,

bool owns_mem = true );

template<class T, class Embedded>
RCP<T> rcpWithEmbeddedObj( T* p, const Embedded &embedded,

bool owns_mem = true );

template<class T> bool is_null( const RCP<T> &p );
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template<class T> bool operator==( const RCP<T> &p, ENull );

template<class T> bool operator!=( const RCP<T> &p, ENull );

template<class T1, class T2> bool operator==( const RCP<T1> &p1,
const RCP<T2> &p2 );

template<class T1, class T2> bool operator!=( const RCP<T1> &p1,
const RCP<T2> &p2 );

template<class T2, class T1> RCP<T2> rcp_implicit_cast(const RCP<T1>& p1);

template<class T2, class T1> RCP<T2> rcp_static_cast(const RCP<T1>& p1);

template<class T2, class T1> RCP<T2> rcp_const_cast(const RCP<T1>& p1);

template<class T2, class T1>
RCP<T2> rcp_dynamic_cast(const RCP<T1>& p1, bool throw_on_fail = false);

template<class T1, class T2>
void set_extra_data(const T1 &extra_data, const std::string& name,

const Ptr<RCP<T2> > &p, EPrePostDestruction destroy_when = POST_DESTROY,
bool force_unique = true );

template<class T1, class T2>
const T1& get_extra_data( const RCP<T2>& p, const std::string& name );

template<class T1, class T2>
T1& get_nonconst_extra_data( RCP<T2>& p, const std::string& name );

template<class T1, class T2>
Ptr<const T1> get_optional_extra_data( const RCP<T2>& p, const std::string& name );

template<class T1, class T2>
Ptr<T1> get_optional_nonconst_extra_data( RCP<T2>& p, const std::string& name );

template<class Dealloc_T, class T>
const Dealloc_T& get_dealloc( const RCP<T>& p );

template<class Dealloc_T, class T>
Dealloc_T& get_nonconst_dealloc( const RCP<T>& p );

template<class Dealloc_T, class T>
Ptr<const Dealloc_T> get_optional_dealloc( const RCP<T>& p );

template<class Dealloc_T, class T>
Ptr<Dealloc_T> get_optional_nonconst_dealloc( const RCP<T>& p );

template<class TOrig, class Embedded, class T>
const Embedded& getEmbeddedObj( const RCP<T>& p );

template<class TOrig, class Embedded, class T>
Embedded& getNonconstEmbeddedObj( const RCP<T>& p );

template<class TOrig, class Embedded, class T>
Ptr<const Embedded> getOptionalEmbeddedObj( const RCP<T>& p );

template<class TOrig, class Embedded, class T>
Ptr<Embedded> getOptionalNonconstEmbeddedObj( const RCP<T>& p );

template<class T>
std::ostream& operator<<( std::ostream& out, const RCP<T>& p );

} // namespace Teuchos
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B RCPquick-start and reference

This appendixpresentsa short,but fairly comprehensive, quick-startfor the useof RCP. The use
casesdescribedhereshouldcover theoverwhelmingmajorityof theuseinstancesof RCPin atypical
program.

Thefollowing classhierarchywill beusedin theC++ examplesgivenbelow.

class A { public: virtual ˜A(){} A& operator=(const A&){} virtual void f(){} };
class B1 : virtual public A {};
class B2 : virtual public A {};
class C : virtual public B1, virtual public B2 {};

class D {};
class E : public D {};

All of the following codeexamplesusedin this appendixare assumedto be in the names-
paceTeuchos or have appropriateusing Teuchos::... declarations.This removestheneedto
explicitly useTeuchos:: to qualify classes,functionsandotherdeclarationsfrom the Teuchos
namespace.Note thatsomeof theruntimechecksaredenotedas“debug runtimechecked” which
meansthatcheckingwill only beperformedin a debug build (that is onewherethemacro DEBUG
is de�ned atcompiletime).

1. Creation of RCPobjects

(a) Initializing a RCPobject to NULL

RCP<C> c_ptr;

or

RCP<C> c_ptr = null;

(b) Creating a RCPobject usingnew

RCP<C> c_ptr = rcp(new C);

or

RCP<C> c_ptr(new C);

NOTE: Preferto de�ne andusenon-memberconstructorfunctionsthatyeild:

RCP<C> c_ptr = newC();

(c) Creating a RCPobject to an array allocatedusingnew[n]
SeetheclassTeuchos::ArrayRCP andthefunctionarcp<T>(int n) .

(d) Initializing a RCPobject to an object not allocatedwith new

C c;
RCP<C> c_ptr = rcpFromRef(c);

(e) Copy constructor (implicit casting)
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RCP<C> c_ptr = rcp(new C); // No cast
RCP<A> a_ptr = c_ptr; // Cast to base class
RCP<const A> ca_ptr = a_ptr; // Cast from non-const to const

(f) Representingconstantnessand non-constantness

i. Non-constantpointer to non-constantobject
RCP<C> c_ptr;

ii. Constantpointer to non-constantobject
const RCP<C> c_ptr;

iii. Non-Constantpointer to constantobject
RCP<const C> c_ptr;

iv. Constantpointer to constantobject
const RCP<const C> c_ptr;

2. Reinitialization of RCPobjects(usingassignmentoperator)

(a) Resettingfrom a raw pointer

RCP<A> a_ptr;
a_ptr = rcp(new A());

(b) Resettingto null

RCP<A> a_ptr = rcp(new A());
a_ptr = null; // The A object will be deleted here

(c) Assigningfrom a RCPobject

RCP<A> a_ptr1;
RCP<A> a_ptr2 = rcp(new A());
a_ptr1 = a_ptr2; // Now a_ptr1 and a_ptr2 point to same A object

3. Accessingthe reference-countedobject

(a) Accessto object reference(debug runtime checked)

C &c_ref = *c_ptr;

(b) Accessto object pointer (unchecked,may return NULL, NOT RECOMMENDED)

C *c_rptr = c_ptr.get();

WARNING: Avoid exposingraw C++ pointersin yourprogram!

(c) Accessto object pointer (debug runtime checked,will not return NULL, NOT REC-
OMMENDED)

C *c_rptr = &*c_ptr;

WARNING: Avoid exposingraw C++ pointersin yourprogram!

(d) Accessof object's member (debug runtime checked)

c_ptr->f();

(e) Testingfor non-null

if (!is_null(a_ptr)) std::cout << "a_ptr is not null!\n";

or

if (a_ptr != null) std::cout << "a_ptr is not null!\n";
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(f) Testingfor null

if (is_null(a_ptr)) std::cout << "a_ptr is null!\n";

or

if (a_ptr == null) std::cout << "a_ptr is null!\n";

4. Casting

(a) Implicit casting(seecopyconstructor above)

i. Usingcopyconstructor (seeabove)

ii. Usingconversion function

RCP<C> c_ptr = rcp(new C); // No cast
RCP<A> a_ptr = rcp_implicit_cast< A>( c_p tr) ; // To base
RCP<const A> ca_ptr = rcp_implicit_cast< con st A>(a_ptr);// To const

(b) Castingawayconst

RCP<const A> ca_ptr = rcp(new C);
RCP<A> a_ptr = rcp_const_cast<A>(ca _pt r); // cast away const!

(c) Static cast(no runtime check)

RCP<D> d_ptr = rcp(new E);
RCP<E> e_ptr = rcp_static_cast<E> (d_ ptr ); // Unchecked, unsafe?

(d) Dynamic cast(runtime checked,failed castallowed)

RCP<A> a_ptr = rcp(new C);
RCP<B1> b1_ptr = rcp_dynamic_cast<B1> (a_ ptr ); // Checked, safe!
RCP<B2> b2_ptr = rcp_dynamic_cast<B2> (b1 _pt r); // Checked, safe!
RCP<C> c_ptr = rcp_dynamic_cast<C>( b2_ptr ); // Checked, safe!

(e) Dynamic cast(runtime checked,failed castnot allowed)

RCP<A> a_ptr1 = rcp(new C);
RCP<A> a_ptr2 = rcp(new A);
RCP<B1> b1_ptr1 = rcp_dynamic_cast<B1 >(a _pt r1, tru e); // Success!
RCP<B1> b1_ptr2 = rcp_dynamic_cast<B1 >(a _pt r2, tru e); // Throw std::bad_cast!
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5. Customizeddeallocators

(a) Creating a RCPobject with a customdeallocator

RCP<C> c_ptr = rcp(new C[N],DeallocArrayDel ete <C>(), tru e);

(b) Accesscustomizeddeallocator (runtime checked,thr ows on failur e)

const DeallocArrayDelete<C >
&dealloc = get_dealloc<Deallo cAr ray Del ete <C> >(c_ptr);

(c) Accessoptional customizeddeallocator

Ptr<const DeallocArrayDelete <C> >
dealloc = get_optional_deallo c<Deal loc Arr ayDele te< C> >(c_ptr);

if (!is_null(dealloc))
std::cout << "This deallocator exits!\n";

6. Managing extra data

(a) Adding extra data (post-destructionof extra data)

set_extra_data(rcp(n ew B1), "A:B1", inOutArg(a_ptr));

(b) Adding extra data (pre-destructionof extra data)

set_extra_data(rcp(n ew B1), "A:B1", inOutArg(a_ptr), PRE_DESTORY);

(c) Retrieving extra data

get_extra_data<RCP<B 1> >(a_ptr,"A:B1")->f() ;

(d) Resettingextra data

get_extra_data<RCP<B 1> >(a_ptr,"A:B1") = rcp(new C);

(e) Retrieving optional extra data

Ptr<const RCP<B1> > b1 =
get_optional_extra_da ta< RCP<B1> >(a_ptr,"A:B1");

if (!is_null(b1))
(*b1)->f();

7. Embeddedobjects

(a) Creating an RCP object with embeddeddata

RCP<D> d_ptr(new D);
RCP<A> a_ptr rcpWithEmbeddedObj (ne w C, rcp(new D));

(b) Extract referenceto constembeddedobject

const RCP<D> &d_ptr = getEmbeddedObj<C,R CP<D> >(a_ptr);

(c) Extract referenceto nonconstembeddedobject

RCP<D> &d_ptr = getNonconstEmbedde dObj<C ,RCP<D> >(a_ptr);
d_ptr = null; // Sets the actual embedded RCP<D> object in a_ptr to null!
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C Commandmentsfor the useof RCP

Hereare listed commandmentsfor the useof RCP. Thesecommandmentsreinforcesomeof the
materialin the quick-startin Appendix B. Along with eachcommandmentis oneor moreanti-
commandmentsstatingthenegativeof thecommandment.C++codefragmentsarealsoincludedto
demonstrateeachcommandmentandanti-commandment.

Commandment1 Thoushall put a pointer for an objectallocatedwith operator new into a RCP
objectonlyonce. Thebestwayto insure this is to call operator new directlyin a call to rcp(...)
to createa dynamicallyallocatedobject that is to be managed by a RCPobject. Betteryet, de-
�ne andusenon-memberconstructorfunctionsandnever useraw calls to new at theapplication
programminglevelSeeitem(1b) in AppendixB.

Anti-Commandment 1 Thoushall never givea raw C++ pointerreturnedfromoperator new to
more thanoneRCPobject.

Example:

A *ra_ptr = new C;
RCP<A> a_ptr1 = rcp(ra_ptr); // Okay
RCP<A> a_ptr2 = rcp(ra_ptr); // no, No, NO !!!!

Anti-Commandment 2 Thoushall never givea raw C++ pointer to an array of objectsreturned
fromoperator new[] to a RCPobjectusingrcp(new C[n]) .

Example:

RCP<std::vector<C> > c_array_ptr1 = rcp(new std::vector<C>(N)); // Okay
RCP<C> c_array_ptr3 = rcp(new C[n]); // no, No, NO!

Commandment2 Thoushall only createa NULLRCPobjectby usingthedefaultconstructoror
by using the null enum(and its associatedspecialconstructor)(seeitem (1a) in AppendixB).
Trying to assignto NULLor 0 will not compile.

Anti-Commandment 3 Thoushall not createa NULL RCPobjectusing the templatedfunction
rcp(...) sinceit is veryverboseandcomplicatesmaintenance.

Example:

RCP<A> a_ptr1 = null; // Yes :-)
RCP<A> a_ptr2 = rcp<A>(NULL); // No, too verbose :-(
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Commandment3 Thoushallonlypassa rawpointerfor anobjectthatisnotallocatedbyoperator
new (e.g. allocatedonthestack) intoaRCPobjectbyusingthetemplatedfunctionrcpFromRef<T>(T&
t) describedin AppendixB.

Anti-Commandment 4 Thoushall never passa pointerfor an objectnot allocatedwith operator
new into a RCPobjectwithoutsettingowns memto false .

Example:

C c;
RCP<A> a_ptr1 = rcpFromRef(c); // Yes :-)
RCP<A> a_ptr2 = rcp(&c); // no, No, NO !!!!

Commandment4 Thoushall only castbetweenRCPobjectsusingthe defaultcopyconstructor
(for implicit conversions) and the nonmembertemplatefunctionsrcp implicit cast<>(-
...) , rcp static cast<>(...) , rcp const cast<>(...) andrcp dynamic cast<>(-
...) (seeitem(4) in AppendixB).

Anti-Commandment 5 Thoushall neverconvert betweenRCPobjectsusingrawpointeraccess.

Example:

RCP<A> a_ptr = rcp(new C);
RCP<B1> b1_ptr1 = rcp_dynamic_cast<B1> (a_ ptr ); // Yes :-)
RCP<B1> b1_ptr2 = rcp(dynamic_cast<B1* >(a _pt r.g et( ))) ; // no, No, NO !!!
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D Recommendationsfor passingobjectsto and fr om C++ functions

Below are recommendedidioms for passingrequired1 and optional2 argumentsinto and out of
C++ functionsfor varioususecasesanddifferenttypesof objects.Theseidiomsshow how to write
functionprototypeargumentdeclarationswhichexploit theC++languagein awaythatmakesthese
functionprototypesasselfdocumentingaspossible,avoidscodingerrors,andincreasesreadability3

of C++ code. In general,RCP<T>objectsshouldbepassedandmanipulatedasthoughthey where
raw C++ pointerT* objects.However, while raw C++ pointerobjectsshouldgenerallybe passed
by value,RCPobjectsshouldgenerallybepassedby referenceto avoid unecessarycopy constructor
calls.

Argumentpurpose Non-Persisting Persisting

non-changeableobject(required1)

.

S s
or
const S s
or
const S &s

const RCP<const S> &s

non-changeableobject(optional2) const Ptr<const S> &s const RCP<const S> &s
changeableobject const Ptr<S> &s const RCP<S> &s

C++declarationsfor passingsmallconcreteobjects(i.e.with valuesemantics)to andfrom functions
whereS is aplaceholderfor anactualbuilt-in or user-de�ned datatype.

Argumentpurpose Non-Persisting Persisting

non-changeableobject(required1) const A &a const RCP<const A> &a
non-changeableobject(optional2) const Ptr<const A> &a const RCP<const A> &a
changeableobject const Ptr<A> &a const RCP<A> &a

C++ declarationsfor passingabstractobjects(i.e. with referenceor pointer semantics)or large
concreteobjects(i.e. thataretooexpensive to copy) to andfrom functionswhereA is aplaceholder
for anactual(abstract)C++ baseclass.

1Requiredargumentsmustbeboundto valid objects(i.e. cannotbeNULL)
2OptionalargumentsmaybeNULL in somecases
3Whatmakescodemore“readable”is subjective of course.
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E Listing: ExampleC++ program using raw dynamic memory
management

#include "example_get_args.h pp"

// Abstract interfaces
class UtilityBase {
public:

virtual void f() const = 0;
};
class UtilityBaseFactory {
public:

virtual UtilityBase* createUtility() const = 0;
};

// Concrete implementations
class UtilityA : public UtilityBase {
public:

void f() const { std::cout<<"\nUtil ity A:: f() called, this="<<this<<"\n"; }
};
class UtilityB : public UtilityBase {
public:

void f() const { std::cout<<"\nUtil ity B:: f() called, this="<<this<<"\n"; }
};
class UtilityAFactory : public UtilityBaseFactory {
public:

UtilityBase* createUtility() const { return new UtilityA(); }
};
class UtilityBFactory : public UtilityBaseFactory {
public:

UtilityBase* createUtility() const { return new UtilityB(); }
};

// Client classes
class ClientA {
public:

void f( const UtilityBase &utility ) const { utility.f(); }
};
class ClientB {

UtilityBase *utility_;
public:

ClientB() : utility_(0) {}
˜ClientB() { delete utility_; }
void initialize( UtilityBase *utility ) { utility_ = utility; }
void g( const ClientA &a ) { a.f(*utility_); }

};
class ClientC {

const UtilityBaseFactory *utilityFactory_;
UtilityBase *utility_;
bool shareUtility_;

public:
ClientC( const UtilityBaseFactory *utilityFactory, bool shareUtility )

:utilityFactory_(u til ity Fac tor y)

29



,utility_(utilityF act ory ->c rea teU til ity ())
,shareUtility_(sha reU til ity ) {}

˜ClientC() { delete utilityFactory_; delete utility_; }
void h( ClientB *b ) {

if( shareUtility_ ) b->initialize(utili ty_ );
else b->initialize(utili tyF act ory _-> cre ate Uti lit y() );

}
};

// Main program
int main( int argc, char* argv[] )
{

// Read options from the commandline
bool useA, shareUtility;
example_get_args(arg c,a rgv ,&u seA,&s har eUt ili ty) ;
// Create factory
UtilityBaseFactory *utilityFactory = 0;
if(useA) utilityFactory = new UtilityAFactory();
else utilityFactory = new UtilityBFactory();
// Create clients
ClientA a;
ClientB b1, b2;
ClientC c(utilityFactory,s har eUt ili ty) ;
// Do some stuff
c.h(&b1);
c.h(&b2);
b1.g(a);
b2.g(a);
// Cleanup memory
delete utilityFactory;

}
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F Listing: RefactoredexampleC++ program usingRCP

#include "Teuchos_RCP.hpp"
#include "example_get_args.h pp"

// Inject symbols for RCP so we don't need Teuchos:: qualification
using Teuchos::RCP;
using Teuchos::rcp; // Warning! This can be dangerous and is not to be used in general!
using Teuchos::Ptr;

// Abstract interfaces
class UtilityBase {
public:

virtual void f() const = 0;
};
class UtilityBaseFactory {
public:

virtual RCP<UtilityBase> createUtility() const = 0;
};

// Concrete implementations
class UtilityA : public UtilityBase {
public:

void f() const { std::cout<<"\nUtil ity A:: f() called, this="<<this<<"\n"; }
};
class UtilityB : public UtilityBase {
public:

void f() const { std::cout<<"\nUtil ity B:: f() called, this="<<this<<"\n"; }
};
class UtilityAFactory : public UtilityBaseFactory {
public:

RCP<UtilityBase> createUtility() const { return rcp(new UtilityA()); }
};
class UtilityBFactory : public UtilityBaseFactory {
public:

RCP<UtilityBase> createUtility() const { return rcp(new UtilityB()); }
};

// Client classes
class ClientA {
public:

void f( const UtilityBase &utility ) const { utility.f(); }
};
class ClientB {

RCP<UtilityBase> utility_;
public:

void initialize(const RCP<UtilityBase> &utility) { utility_=utility; }
void g( const ClientA &a ) { a.f(*utility_); }

};
class ClientC {

RCP<const UtilityBaseFactory> utilityFactory_;
RCP<UtilityBase> utility_;
bool shareUtility_;
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public:
ClientC( const RCP<const UtilityBaseFactory> &utilityFactory, bool shareUtility )

:utilityFactory_(u til ity Fac tor y)
,utility_(utilityF act ory ->c rea teU til ity ())
,shareUtility_(sha reU til ity ) {}

void h( const Ptr<ClientB> &b ) {
if( shareUtility_ ) b->initialize(utili ty_ );
else b->initialize(utili tyF act ory _-> cre ate Uti lit y() );

}
};

// Main program
int main( int argc, char* argv[] )
{

// Read options from the commandline
bool useA, shareUtility;
example_get_args(arg c,a rgv ,&u seA,&s har eUt ili ty) ;
// Create factory
RCP<UtilityBaseFacto ry> utilityFactory;
if(useA) utilityFactory = rcp(new UtilityAFactory());
else utilityFactory = rcp(new UtilityBFactory());
// Create clients
ClientA a;
ClientB b1, b2;
ClientC c(utilityFactory,s har eUt ili ty) ;
// Do some stuff
c.h(&b1);
c.h(&b2);
b1.g(a);
b2.g(a);

}
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